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The need for quantitative nondestructive characterization of 
solid-solid bonds has grown in response to the increasing industrial 
demand for production. The work to be reported here is restricted to 
diffusion bonds in metallic systems and is devoted to a correlation of 
the bond strength with ultrasonic results. Bond strength is defined as 
the ultimate stress in a uniaxial tensile test at slow strain rate. 
Reductions in strength are assumed to occur due to a lack of bonding over 
a fraction of the surfaces due to non-optimum bonding conditions. The 
voids produced in the unbonded areas are considered to be crack-like, 
containing a vacuum or at most a low-pressure gas. Diffusion of the 
species from the two sides to be bonded is the only process considered, 
thus neglecting for the moment such effects as precipitate reactions, 
phase transformations and grain growth. The initial work was performed 
using identical materials on either side, thus considering only the 
ultrasonic response of the voids produced at the bonded interface. This 
paper reports on initial studies using dissimilar materials, 
necessitating inclusion of the effect of the acoustic impedance mismatch. 
During the work on dissimilar materials, production of a brittle layer at 
the bond interface was examined. This brittle layer was caused by a thin 
layer of carbon present at the bond interface. The challenge of detection 
of this brittle layer is posed for the nondestructive evaluation 
community. 
PREVIOUS WORK 
The experimental arrangement used for the ultrasonic interrogation 
of the bonds produced, either of identical or dissimilar materials is 
shown in Fig. 1. Longitudinal waves incident normally on the bond plane 
are used. This wave is then reflected, transmitted and diffracted, either 
longitudinal or mode-converted to shear, at the bond interface. The 
received signal at selected transducer orientations is analyzed for 
information pertinent to the degree of contact at the bond interface. 
The ultrasonic response obtained from the interrogation of the bond 
plane is evaluated based on the electromechanical reciprocity theorem of 
Auldl applied to the experimental conditions of normal incidence. Using 
this theorem, the scattered field is 
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Fig. 1. Apparatus used for determining acoustic response of diffusion 
bonded specimens. 
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where P is the electrical power incident on the transmitting transducer, 
uu is the angular frequency of the signal, ul is the displacement field of 
the incident acoustic illumination, ~u! is the crack opening displacement 
due to the incident illumination and -~ is the stress field that would be 
produced if the receiving transducer illuminated a flaw-free material. 
The integration is performed over the surface A which has a normal n;. 
Evaluation of Eq. (1) depends on selection of an appropriate 
description of 6u!. At present, it is assumed2 that the random 
distribution of crack-like objects present at the bonded interface can 
be modelled as a periodic array of either penny-shaped or circumferential 
cracks. A quasi-static spring model has been used3 to describe the 
strength of the contact at the interface leading to a spring constant x 
which is mainly a function of the contact diameter and separation. The 
definitions used then is; 
------ui 
l+jnpvf/x 1 
where pis the material density, v is the acoustic velocity, f the 
wave frequency and K is the distributed spring constant . Since ~u is 
proportional to 1/x, the value chosen for x relates directly to the 
strength of the contacts. 
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Fig. 2 shows the results of a series of experiments3,4 in which the 
quality of the diffusion bonds produced were adjusted by variations in 
the time and temperature of bonding. The left side of the figure shows 
the reflection coefficient as a function of the distributed spring 
constant at a frequency of 10 MHz. The experimental points were 
determined from lineal analysis of the fracture surface of the individual 
specimens after destructive testing3 using Baik and Thompson•s2 method of 
determining x from the contact or disband size and separation. The model 
line was calculated using the plane wave reflection coefficient equation 
R 
jnp vf /x 
l + jnp vf /x 
with the magnitude of the complex reflection coefficient shown. 
Agreement between the model predictions and the experimental data is 
excellent over the large range of bonds produced. 
(3) 
A second set of results5 based on fracture mechanics analysis of 
this sample set is shown in the right side of Fig. 2. These results are a 
calculation of the stress intensity factor as a function of fractional 
bonded area based on linear elastic fracture mechanics (LEFM) with the 
appropriate equations used for penny-shaped cracks and penny-shaped 
contacts6. Over most of the range of fractional bonded area, the stress 
intensity calculated is constant at 0.5 MPa ml/2. Deviations at the low 
end of the fractional bonded area are considered to be due to the 
dominance of the largest disbands in the distribution. The presence of 
relatively large ductility in the high fractional bonded area points 
invalidates the LEFM assumptions and accounts for the deviation there. 
Using the average stress intensity value of 0.5 MPa ml/2 and the 
knowledge of contact geometry determined from the fracture surfaces, a 
calculation of the bond strength is possible. Comparison of this 
calculated stress with the experimentally determined bond strength shows 
that except for the few points that showed deviation in the right side of 
Fig. 2, excellent agreement is obtained between the two. 
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Calculation of disbond size and spacing in partially closed 
fatigue crack. Left - Experiment. Right - Model calculations. 
From this work, then, it is evident that prediction of the strength 
of a diffusion based partly on ultrasonic interrogation of the bond 
interface and partly on analysis of the fracture surface is possible. A 
necessary step, however, in order to perform a truly nondestructive 
prediction of the bond strength is development of a second nondestructive 
technique that will allow determination of the disbond size and 
separation. These values being necessary for calculation of the stress 
intensity under specific loading of the bond. 
DETERMINATION OF CONTACT TOPOLOGY 
Previous work7,8 on partially closed fatigue cracks that have 
quantitatively similar contact topologies has shown that is possible at 
least in the case of these cracks to determine the contact size and 
separation nondestructively. Injection of a normal incidence 
longitudinal wave onto the area of partial closure in the crack produces 
both longitudinal and mode-converted shear waves diffracted relative to 
the incident wave. The magnitude of these diffracted waves, in 
particular the shear wave, is sensitive to the contact topology causing 
the diffraction. 
Comparison of the diffracted shear wave observed from such a crack 
with the predictions of a full development of Eqs. (1) and (2) for the 
crack case and utilizing an approximation for the discrete contacts is 
shown in Fig. 3. The experimental results are shown on the left and the 
model predictions at 4 MHz on the right. Several predicted curves are 
shown based on calculations at various contact size and separation values 
with the contact separation values shown for each curve. Adjustment of 
the separation value to 70 ~ with the contact diameter at 35 ~ causes a 
match between the experimental results and the model prediction. 
It must be kept in mind that the results shown in Fig. 3 are 
obtained only after the value as a function of position of the 
distributed spring constant is determined for the particular sample under 
investigation. These results being obtained at positions near the crack 
tip, the diameter value will decrease as the position moves deeper into 
the crack and hence the K value decreases with the separation value 
remaining constant. 
1350 
1.1.,..----------------, 
J.o ~at:. 
·~· .. + 0.9 .... 
rz:l § 0.8 .. ·-
... ·. 
E-o z 0.7 
~ ::s 0.8 
~ 0.5 
t 
< 0.4 
f!: 
~ 0.3 
. 
. . 
•• + 
.. ·. 
.. + 
.. + 
+ 
.. 
.. 
.. 
.. 
.. 
+ 
0 .. 
0.2 
0.1 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
RMS SURFACE 
ROUGHNESS 
• 0.185 1-'tn 
• 0.071 1-'tn 
• 0.041 1-'tn 
... + 
., + 
t• •••••• 
·::... ····· ···~ ...... .::· 0.0 +-r--r-.,.--r--r-.,.--,r-'~!!!j~ 
0 5 10 15 20 25 30 35 40 45 
ANGLE IN SOUD 
1.1 
1.0 
0.9 
rz:l 
Q 0.8 ;:, 
t: 
z 0.7 
t.:l 
< 0.6 ::s 
Q 
0.5 rz:l 
E-o 
t..l 
< 0.4 g:: 
~ 
~ 0.3 0 
0.2 
0.1 
5 10 
+ 
* • + 
+ 
* + . . 
• + 
• •• 
• 
RMS SURFACE 
ROUGHNESS 
• 0.185 1-'tn 
• 0.071 -
• 0.041 1-'tn 
+ 
•• 
• + 
+ 
15 20 25 30 35 40 45 
ANGLE IN SOLID 
Fig. 4. Longitudinal wave diffraction response of diffusion bonded 
specimen. Left - 4 MHz. Right - 10 MHz. 
For the sample geometries being examined in the work reported here, 
it has not been possible to observe the shear waves generated at the 
partially contacting bond interface due to lack of sufficient sample 
thickness for separation of the longitudinal and shear waves in to two 
distinct signals. Accordingly, the less sensitive diffracted longitudinal 
waves are being investigated to determine the possibility of quantifying 
the disbond size and separation. Results of the observation of these 
waves from several diffusion bonded specimens are shown in Fig. 4. 
These results were obtained from three diffusion bonded specimens 
that were identically prepared except for differences in the initial 
sample surface preparation. In order to produce variations in the 
contact size and separation, the RMS surface roughness of the three 
samples was changed by roughening the surfaces with various grades of SiC 
paper prior to bonding. The roughening was performed on both surfaces to 
be bonded and was done in such a manner as to produce a randomly rough 
surface. The results of ultrasonic interrogation, destructive tests and 
lineal analysis for these samples are given in Table I. 
Table I. Characterization of Roughened Surface Samples 
RMS SURFACE REFLECTION FRACTIONAL BOND DIAMETER SEPARATION 
ROUGHNESS COEFFICIENT BONDED STRENGTH 
AREA 
~m MPa ~m ~m 
0.165 0.07 0.26 47.5 129* 455* 
0.071 0.03 0.44 75.1 143* 399* 
0.041 0.02 0.61 100.4 219// 499// 
* Refers to contacts 
II Refers to dis bonds 
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Results are shown in Fig. 4 for two frequencies, 4 MHz and 10 MHz. 
Somewhat better discrimination between the samples exists in the 4 MHz 
results but the results in both cases are very poorly understood at this 
time. It is known that the fractional bonded area, reflection 
coefficients and destructive results correlate favorably with those 
determined in previous work3,4. 
Calculation of model predictions for comparison with these results 
has not been possible until very recently. The distributed spring model 
as currently formulated has given appropriate diffraction results only 
for the case of partially closed fatigue cracks, i.e. those cases where 
the distributed spring constant is a varying function of position. 
Recent work9, however, has provided an alternate definition for 
the crack opening displacement of the nth crack due to the incident 
illumination, as follows 
[ 2dn 1-vl n[ ~f ~~] --- T 1---- l/2 
E(an) 1-l ' c~ d~ (4) 
where cn and dn are the crack radii in the !; 1 and !; 2 directions, Tr is the 
stress on the crack surface (considered uniform and equal to the value at 
the crack center), u is Poisson's ratio,~ is the Lame constant and E(a., 
is the complete elliptical integral of the second kind with modulus 
a. = (l-d~/c~l 112 • In addition, the condition D/2c.<: 1.25 must be met 
where Dis the separation between adjacent cracks. Calculation of model 
predictions using this definition is currently underway to improve our 
understanding of the results shown in Fig. 4. 
DIFFUSION BONDING IN DISSIMILAR MATERIALS 
A selection of diffusion bonds have been prepared using copper and 
nickel as the materials. These bonds are being used to determine the 
feasibility of using the techniques developed for nondestructive 
determination of the bond strength and stress intensity developed for the 
original copper-copper bonds3,4 in the presence of a change in the 
acoustic impedance. Since copper and nickel exhibit complete solid 
solubility throughout the entire range of composition, the acoustic 
impedance change can be isolated and examined independent of any other 
microstructural effects, i.e. precipitate phases. 
A reflection coefficient contour map of one of the first bonds 
produced using the Cu-Ni system is shown in Fig. 5. Gray-scale shading 
has been used to delineate the areas showing various reflection 
coefficient values. In general, higher reflection coefficient areas are 
darker on the contour map. The highest contour level shown on the map is 
R=0.08 which compares favorably with the expected reflection of 0.086 
from the acoustic impedance change as determined by acoustic velocity 
measurements. 
Destructive tensile tests on this sample, however, showed strength 
levels of 77 MPa, approximately 30% of the expected valuelO, with almost 
no ductility exhibited. In other words, the bond failed in a brittle 
fashion at far less than the expected strength for the acoustic response 
observed. Optical examination of the bonded interface in the plane 
perpendicular to the interface indicated that interdiffusion of the 
copper and nickel had occurred to varying degrees over almost 100% of the 
areas observed. Optical examination of the fracture surface, however, 
appeared to reveal the presence of relatively large unbonded areas. 
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Fig. 5. Reflection coefficient contour map of bonded Cu-Ni sample. 
Fig. 6. Optical micrograph (left) and Auger spectroscopy map (right) of 
fracture surface of low strength Cu-Ni diffusion bond. 
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Further tests, in particular using Auger spectroscopy, revealed the 
presence of a extremely thin layer, one or two atomic thicknesses, of 
carbon present on portions of the fracture surface. These results are 
shown in Fig. 6. The left half of the figure is an scanning electron 
micrograph of the fracture surface at lOOOX. The light areas of the 
micrograph show ductile failure indicating bonding has occurred at these 
areas. The darker areas, originally thought to be unbonded, can be 
mapped one to one with the light areas in the right-hand picture, an 
Auger map at lOOOX showing the location of carbon at the bond interface. 
The light areas in the Auger map indicate that carbon is present in 
those areas. Further examination indicated that in those areas 
containing carbon, the interdiffusion depth of the two materials being 
bonded was thinner by a factor of 4 to 6 but interdiffusion and thus 
bonding had occurred even in the carbon bearing areas. 
Based on these results, the lack of strength in this bond has been 
determined to be brittle failure originating in the portions of the bond 
interface containing carbon. This problem has been alleviated for the 
present by purging the bonding system with hydrogen to remove any free 
carbon that may be present by conversion to methane or some other 
hydrocarbon gas. Subsequent bonds have been produced that show the 
expected reflection coefficient with strength levels of 191 MPa in 
tension, allowing work to proceed with our original objective. 
The challenge remains, however, to determine a nondestructive 
technique that can detect the presence of this type of brittle phase, if 
present, at a bond interface. At the current state of the art, detection 
of this phenomena is not possible. 
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